Dependence of selectivity on plasma conditions in selective etching in submicrometer pitch grating on InP surface by CH4/H2 reactive ion etching J. Appl. Phys. 109, 073516 (2011) The etch rate of deep features in silicon, such as trenches and vias, can vary significantly with the feature aspect ratio (AR). Small AR features generally etch faster than large AR features. The reasons for this AR dependence include a slowing of the etch rate with increasing AR due to the necessary transport of molecules into and out of the features as well as ion flux reductions at feature bottom due to the angular spread of the ion flux and ion deflection caused by differential charging of the microstructures. Finding ways to reduce, eliminate, or reverse this AR dependence is both an active subject of research and difficult. In this work, instead of focusing on methods to reduce or prevent AR dependence in an etch process, the authors focus on methods to correct it after the fact. The authors show that an inhibitor film deposition step can be used under some circumstances to allow feature depth disparities to be corrected. This process can be used to correct feature depth disparities whenever the AR dependence of the inhibitor film deposition step is worse (larger) than the AR dependence of the following inhibitor etch step. To test the theory, a plasma process through SF 6 /C 4 F 8 /Ar mixtures was used to both produce trenches of various ARs having significant depth disparities and correct those disparities. The etch depth of small AR features can be held essentially constant while that of larger AR features is increased to match or even exceed.
The etch rate of deep features in silicon, such as trenches and vias, can vary significantly with the feature aspect ratio (AR). Small AR features generally etch faster than large AR features. The reasons for this AR dependence include a slowing of the etch rate with increasing AR due to the necessary transport of molecules into and out of the features as well as ion flux reductions at feature bottom due to the angular spread of the ion flux and ion deflection caused by differential charging of the microstructures. Finding ways to reduce, eliminate, or reverse this AR dependence is both an active subject of research and difficult. In this work, instead of focusing on methods to reduce or prevent AR dependence in an etch process, the authors focus on methods to correct it after the fact. The authors show that an inhibitor film deposition step can be used under some circumstances to allow feature depth disparities to be corrected. This process can be used to correct feature depth disparities whenever the AR dependence of the inhibitor film deposition step is worse (larger) than the AR dependence of the following inhibitor etch step. To test the theory, a plasma process through SF 6 /C 4 F 8 /Ar mixtures was used to both produce trenches of various ARs having significant depth disparities and correct those disparities. The etch depth of small AR features can be held essentially constant while that of larger AR features is increased to match or even exceed. 
I. INTRODUCTION
When one uses plasma etching, it is virtually inevitable that there will be etch depth differences between features having different characteristic widths. Typically, a larger width feature will etch deeper than a narrow feature. [1] [2] [3] An example of this is shown in Fig. 1 for fluorine based etching of silicon. The dashed line helps one to see that the narrow trenches on the right did not etch as deep as the wider trenches on the left. A process which produces such a dependence of the etch depth on the feature width is often said to exhibit "RIE Lag" or called an "Aspect Ratio Dependent Etch" (ARDE) process. [1] [2] [3] [4] A feature's aspect ratio (AR) is defined as the ratio of the feature depth to its limiting width. The process is called an ARDE process because the etch rate slows as the AR of the feature increases. The result is that narrow features etch more slowly because they have a larger AR (even though they achieve a smaller depth).
Etch depth differences occur because the etch rate slows as the feature's AR increases. This is because the key reactive species involved in the process are formed outside of the feature and must transport through it to reach the etch front at the bottom. As the AR increases, this transport necessarily becomes slower. In addition, a smaller fraction of the incoming reactive molecules actually reach the feature bottom as the AR increases because some are lost in nonbeneficial fashions during the transport. (See, for example, the discussion in Refs. 1-3 and 5-7 .) The result is that small width features (having larger ARs) typically etch to a smaller depth than large features (having smaller ARs). While a few exceptions to this have been engineered; they do not break the overarching rule: process rates eventually slow as the AR increases. [1] [2] [3] A very substantial number of articles have examined the causes of ARDE processes as well as ways to reduce or even invert the AR dependence. Discussing the important contributions of each would be prohibitive, so the conclusions of three review articles will be mentioned here. The interested reader is encouraged to see the extensive references in those articles. In 1992, Gottscho et al. reviewed the issues involved in ARDE and described four possible mechanisms causing ARDE. 1 They used a dimensional analysis to show how ARDE processes result primarily from transport issues (for both ions and neutrals) through the feature. Rangelow reviewed critical tasks in high aspect ratio (HAR) silicon etching in 2003. 2 He too stressed the importance of reactant transport (including sidewall reactions) in determining etch rate. In 2010, Wu et al. reviewed advances in HAR Si etching. 3 In it they also describe possible causes of ARDE and methods of controlling it discovered in the intervening time. They concluded, that the "root cause for ARDE" in deep silicon etch processes is "depletion of the fluorine content at the trench bottom" and that ARDE processes result from "transport phenomena." 3 As is reflected in these influential review articles much of the research focus has been on adjusting tool parameters to both understand and control the AR dependence of individual etch processes. Examples of tool parameters found to be influential included RF bias power, [8] [9] [10] pressure, 9,11,12 SF 6 flow rate, 13 and chuck temperature. 8, 11 The reasons why each of these parameters can influence the strength of the AR dependence has also been investigated.
In 2006, first Lai et al. 14 and then Morozov and Amirov 15 reported a different approach to controlling ARDE since they were investigating time-multiplexed deep silicon etch processes (TMDSE) also known as "Bosch etch" processes. TMDSE uses a three step process, which is repeated. First, a thin fluorocarbon film is deposited. Second, this film is removed from the feature bottom, and third the substrate is etched (at the feature bottom). These authors reported on using the relative timing of the fluorocarbon film deposition step and removal step to control the relative etch rates of different AR features. We note that this method of control depends critically on the inherent AR dependencies of the fluorocarbon film deposition step and fluorocarbon film removal step as motivate the present work. Those authors utilized separately controlled deposition and etch steps to reduce or even invert ARDE in deep silicon etch. In this article, we look at using such isolated steps to correct feature depth disparities after they have been produced (after the fact). We note that while significant time and effort has been spent on finding ways to control or prevent ARDE, essentially none has been expended on ways to correct it after the fact. Very little has been published on how to etch large AR features while smaller AR features remain at a constant depth. We expect that circumstances exist where correction of ARDE effects after the fact might prove to be more efficient than preventing ARDE in the first place. In particular, an ability to correct ARDE could allow one to use a larger variety of initial etch processes including some with larger process windows, better initial feature profiles and/or higher process rates. Of course, there are limits to the depth disparities, which can be corrected, and the suggested correction process itself has limitations, which we seek to identify and quantify in this article. We begin that process by discussing theory for how one might correct ARDE issues after the fact and identifying critical components of the proposed correction process. We also provide experimental evidence of ARDE correction using plasmas through SF 6 /C 4 F 8 /Ar mixtures, including selected AR dependencies of fluorocarbon film deposition and etch rates as well as the silicon etch rate. We find that the use of fluorocarbon films is not particularly ideal for correcting depth disparities.
II. THEORETICAL BACKGROUND
To begin, we note that every etch process has an AR dependence and that while the specifics of this AR dependence may be complex, they can be readily measured and/or calculated. An example result from an ARDE process is shown in Fig. 1 where we have highlighted the fact that thin trenches etch slower than wide trenches, resulting in a disparity in the trench depth. While the depth disparity shown in Fig. 1 is purposely noticeable, it is not atypical of etch processes.
We describe a sequence of three processing steps to use in correcting feature depth disparity like those shown in Fig. 1 . These three steps are largely motivated by the discussion in Lai's article about changing the relative amount of time spent in each step of a time-multiplexed "Bosch" etch process to obtain a largely AR independent etch. They are: (1) inhibitor film deposition, (2) inhibitor film etch-back, and (3) anisotropic etch of the substrate. These three steps could be repeated (cycled) to gain a larger cumulative effect. It is perhaps noteworthy that while these steps are like the steps used in time multiplexed etching, there can be subtle differences. In particular, each cycle will be much longer in time. While the time multiplexed process uses cycle times of a few seconds, this process might use times of a minute or more. (A goal of the correction process would be to minimize the number of cycles needed to affect correction.) In addition, the substrate etch process [step (3)] will generally be inherently anisotropic rather than isotropic. (Time multiplexed processes invariably use isotropic etch steps.) Furthermore, the primary goal in Lai's article 14 was to prevent AR dependence in the first place and even to show that an inverse ARDE was possible. As a result, they started at a feature depth and AR of zero. Here, the emphasis is on correcting already etched features having nonzero depth and AR. In Lai's article, 14 all of the features were being etched each cycle since they all started at zero depth. In the present case, the features are pre-existing with finite ARs. Consequently, one might wish to etch only large AR features as part of the correction steps and leave the depth of small AR features completely unaffected.
Following along the lines of the article by Lai, we use Fig. 2 to describe the basic principles undergirding the correction process. Note that Fig. 2 uses Fig. 1 as a starting point. In particular, we have marked different feature depths for the smallest AR (T1) and largest AR (T12) trenches in Fig. 2 at time "A." (Increasing feature depth is going down in Fig. 2 .) The horizontal dashed lines extending out from time "A" mark that initial depth of each feature as the subsequent processing steps are performed. The difference between the solid lines (representing the feature depth as a function of time) and the corresponding dashed lines gives the change in the feature depth.
The first step performed to correct the depth disparity is a deposition step of inhibitor film. This deposition occurs between the times "A" and "B" in Fig. 2 . It causes the depth of each feature to reduce as inhibitor film is deposited at the bottom. The deposition rate at the bottom of a small AR feature is larger than that in a large AR feature because the radicals and ions causing deposition are better able to transport to the bottom of the small AR feature. Thus, T1 gets a thicker film than T12 in Fig. 2 . At time "B," the process is switched to inhibitor etch. Again, the inhibitor etch rate at the bottom of T1 is faster than that in T12. This is depicted in Fig. 2 , but we have deliberately chosen to make the disparity in the inhibitor etch rate smaller than the disparity in the inhibitor deposition rate. This is seen in the fact that the ratio of the process slopes between times "A" and "B" is larger than the ratio between times "B" and "C." When this is the case, the inhibitor film etch can be expected to finish in T12 before T1. (This situation is represented at time "C" where inhibitor film still exists in T1 but T12 has etched down to the substrate-dashed line.) At this time, the etch process in T12 changes to substrate etch which, we represent with a faster process rate (larger slope). Thus, substrate etch is occurring in T12 while inhibitor etch is occurring in T1 during the entire time period from "C" to "D." Under the right circumstances, the depth of T12 (the larger AR feature) can be increased to match that of T1 (the smaller AR feature) at time "D" because T1 never breaks through.
In order to use such a correction process effectively, as well as determine its limitations, one must understand and control the AR dependencies of the three process steps involved. In our own experience, these AR dependencies can be reasonably fit using polynomial functions (at least over limited AR ranges.) Consequently, we will present a theory in terms of polynomial functions of AR with the caveat that this is just a convenience. Second, we note that the process steps involved are well approximated as linear in time as long as the AR is not changed significantly during any one process step. For example: the deposition rate of inhibitor film in features can be described as linear in time as long as the AR is not changed significantly during the deposition. The same is true of the substrate etch step. Significant changes in the AR can be caused both by changes in the feature depth and by changes in the opening area (or width). Thus, the theory we outline below assumes implicitly that the changes in AR induced during a single process step must be small.
To model the inhibitor deposition at the bottom of a feature, we note that the deposition rate can be approximated by a polynomial function of the AR
where for a fixed process the a i 's are constants. a 0 is the deposition rate on the top surface (AR ¼ 0). As a result, this equation can be normalized to
where
AR min is the smallest AR (the AR of the largest feature) to be etched on the substrate. Further, we note that A 0 ¼ 1. Clearly, the a i 's will depend on the specifics of the inhibitor deposition process chosen. Note that the normalization used in Eq. (2) allows one to distinguish between the process rate at the top surface, a 0 , and the relative reduction caused by the AR of each feature (
. Note also that as D increases,
In similar fashion, the inhibitor etch process and substrate etch process can be written as
using related definitions. Given these polynomial fits to the three process steps, we note that the inhibitor film thickness in each feature at the end of the deposition step can be written as
where t D is the deposition time. The deposition time, t D , is limited by the deposition thickness allowed at the mouth of the feature. One cannot close the feature mouth significantly, or the subsequent etch steps will be adversely affected. Thus, the smallest opening controls the maximum amount of inhibitor film that can be used. If one stipulates that no feature openings (at AR ¼ 0) can be blocked by more than a small percentage (¼Fraction Closed, F C ), one obtains that t D ðW min Ã F C Þ=a 0 , where W min is the critical dimension of the smallest feature. The deposited inhibitor film is etched during the subsequent etch period and the time required to clear the inhibitor film in each feature is easily calculated as than the breakthrough time of a feature, then the remaining time results in substrate etch. Thus, the substrate etch depth for a total etch-time, t E , can be written as
Often, one would want to effect the maximum possible correction in a single step. This maximum possible correction occurs when the largest AR feature is etched until the smaller AR feature first reaches breakthrough. Etching longer than this time decreases the amount of depth correction since the substrate etch rate in the smaller AR feature will be faster. Thus, with the smaller AR feature denoted by D 1 and the larger AR feature by D 2 , one can express the maximum etch depth correction as
The right hand side of Eq. (9) is broken into three parts using the two multiplication signs (Term1 Â Term2 Â Term3). The first term describes the maximum possible correction (per cycle) assuming ideal conditions prevail. That magnitude depends critically on the ratio of the maximum substrate etch rate to maximum inhibitor etch rate, c 0 =b 0 , as well as the maximum allowed thickness of the inhibitor film set by the minimum feature dimension and allowed closing of that feature's opening, W min F C . The second and third terms describe the reduction in that maximum possible correction caused by the (nonideal) AR dependencies of the three process steps. The second term on the right hand side of Eq. (9) describes the relative fraction of the total etch time, which is available for etching the substrate (as opposed to the inhibitor film). The time available to etch the substrate is always reduced by the time required to break through the inhibitor film in feature D 2 . The third term on the right hand side of Eq. (9) describes the reduction in the substrate etch rate in the D 2 feature. This theory predicts that a few different AR characteristics can be chosen during correction steps. Of course, both the so-called "inverse ARDE" and standard ARDE are predicted; but in addition, a "Mid-ARDE" is also possible. The theory predicts conditions in which midrange AR features can etch deeper than either large or small features. An "inverse Mid-ARDE" might also be possible, where large and small features etch while mid-range AR features do not, but we have not yet seen evidence of it. Using this theory, it is possible to predict the largest AR feature for which this process can make viable corrections as well as the smallest AR difference between two features for which the process can function. Discussion of these predictions follows.
Whenever the inhibitor deposition process has a stronger AR dependence than the inhibitor etch process, larger AR features will etch faster than the smallest AR feature (inverse ARDE). This corresponds to Fig. 2 and is the case where
over the full AR range for the features being processed. An example of this is shown in Fig. 3 using the dashed-dotted line. (We assumed simple linear AR dependencies for both inhibitor deposition and etch rates in Fig. 3 .) Note that the maximum process rates, a 0 and b 0 , do not play a role in determining this characteristic. It is only dependent upon the relative reduction in these maximum rates as a function of AR. Whenever Eq. (10) holds, the largest possible correction per cycle is predicted by Eq. (9) as long as the total etch time for the inhibitor þ substrate etch step is the time to breakthrough of the AR min (D ¼ 1) feature. One can choose to etch for a longer time period, but the amount of correction achieved will reduce as the etch time increases according the AR dependence of the substrate etch process. The opposite case (whenever the inhibitor deposition process has a weaker AR dependence than the inhibitor etch process) produces standard ARDE. This is typically viewed as counterproductive since it exacerbates the typical problem. An example of this is shown in Fig. 3 using the dashed line. It occurs whenever
over the full AR range for the features being processed. One cannot define a "maximum correction" per cycle now since the amount of "correction" will continue to increase with increasing etch-time. However, Eq. (9) can be used to FIG. 3 . Modeled etch depth (normalized to the maximum etch depth) is plotted vs normalized AR for three cases. When the AR dependence of the inhibitor deposition process is stronger (dashed-dotted) or weaker (dashed) than that of the inhibitor etch process, and (solid) when the inhibitor deposition process only has a stronger AR dependence than the inhibitor etch process over a limited portion of the AR range.
predict a "maximum possible correction" under the stipulation that the largest AR feature must not break through. In that case, one is limited to a total etch time set by the breakthrough time of the AR max feature (D ¼ D max ) because the AR max feature will break through last. Of course, one can also choose to etch for either shorter or longer time periods than this. The final case demonstrated in Fig. 3 is when the nonlinearity of the inhibitor deposition and/or etch processes causes the AR dependence to vary from the condition of Eq. (10) to that of Eq. (11) as the AR increases. We have plotted a case where the AR dependence of the inhibitor deposition step is quadratic, and the inhibitor etch is linear so that the two are more closely equal at both the smallest and largest AR. This is shown in Fig. 4 where we have plotted the AR dependence of the process rates for comparison. The closer relative process rates at D ¼ 1 and 5.25 delays breakthrough at those ARs and allows the central AR features to etch the longest/deepest.
We note a few constraints for implementing this process: (1) The process should affect the desired correction using a minimal number of cycles; therefore, the amount of correction affected per cycle must be a significant fraction of the original depth disparity. This implies a significant thickness of inhibitor film at feature bottoms at the end of the deposition step. At the same time, the inhibitor film must not significantly close the opening of the largest AR feature. These conflicting requirements limit the applicability of the process. (2) Not all of the inhibitor film is removed during the etch portion of each cycle. If the process is to be cycled more than once, then one may need to include a step to remove unwanted inhibitor film from previous cycle(s). (3) The presence of inhibitor film on feature sidewalls and the top surface can cause further passivation during the etch steps. As a result, feature tapering can occur even though the gas mixture used for the etch step would ordinarily function well. (4) The inhibitor film may be insulating, which can affect subsequent ion-enhanced etch processes. Finally, (5) the AR range of applicability is set by the relative dependencies of the inhibitor deposition to inhibitor etch steps. This range can be made larger by careful control of these two steps.
III. EXPERIMENTAL BACKGROUND A. Plasma reactor
The experiments were performed in a Versaline Plasma Processing System (VPPS) in its "standard" configuration. 16 Figure 5 is a schematic of the internal layout of the VPPS. The inductively coupled plasma source (ICP source) source sits approximately 100 mm above the level of the wafer chuck and consists of three turns of 6.4 mm copper tubing that run circumferentially along the top side-wall of the reactor. It can be driven with up to 3 kW of 2 MHz power. The wafer chuck can also be powered (capacitively coupled) but at a frequency of 13.56 MHz and a maximum power of 600 W. It is water cooled with a temperature range of 10-60 C and has microgrooves for helium backside cooling. The reactor wall temperature can be controlled between 20 and 180 C. Gases available in this VPPS were perfluorocyclobutane (C 4 F 8 ), sulfur hexafluoride (SF 6 ), Argon (Ar), oxygen (O 2 ), and trifluoromethane (CHF 3 ) with their respective maximum flow rates of 645, 633, 93, 94, and 106 sccm. 16 All gases used in this study were cleanroom grade ultrapure 99.999%. Feed gas enters from a gas inlet at the top of the reactor and exits by way of a throttle valve and turbo molecular pump at the turbo exhaust port. The maximum controllable pressure for the VPPS was 100 mTorr. 16 A 15 min oxygen clean was performed between each experiment to remove polymer off the sidewalls of the reactor, minimize contamination, and preserve repeatability from run to run. The settings used were: pressure at 10 mTorr, O 2 gas flow rate at 50 sccm, ICP power at 800 W, bias power at 10 W, wall temperature at 150 C chuck temperature was at 10 C, and helium "back-side" pressure at 3 Torr. 
B. Sample preparation
Trench structures were patterned on 300 mm wafers, using a silicon dioxide (SiO 2 ) hard-mask approximately 1.8 lm thick. The 300 mm wafers were manually cleaved into sections having dimensions of 10 Â 15 mm. The trench pattern on each sample consisted of a series of 12 trenches, 85 lm long, equally spaced by a distance of 1.7 lm. The trench widths varied in a nonstandard fashion ranging from a maximum of 2.0 lm (T1) to a minimum of 0.53 lm (T12). Figure 6 shows a cross sectional view of the 12 mask openings used throughout this study. Group 1 had opening widths of 2.0, 1.9, 1.8, 1.7, and 1.6 lm. Group 2 had openings of 1.15, 1.10, and 1.04 lm and group 3 had openings of 0.68, 0.63, 0.535, and 0.53 lm.
Samples were inserted into the reactor through the load lock system shown in Fig. 5 . Samples were placed on a 100 mm carrier wafer with Dow Corning V R 340 silicone heat sink compound to maximize heat transfer from the sample to the carrier wafer. To minimize fluorine scavenging, the 100 mm carrier wafers were coated with an LPCVD SiO 2 protective layer up to 4-5 lm thick.
C. Scanning electron microscopy
Cross-sections of the trenches etched in the silicon samples were visually inspected using a Hitachi S4800 Scanning Electron Microscope (SEM). This SEM has a resolution of 2 nm. Prior to loading into the SEM, the samples were first cleaved using a Sela Micro Cleaving Station MC200. The cleaved cross sections were coated with 5-10 Å of iridium using an Emitech K575X sample coater. All trench depth measurements were made between the "bottom center" of the trench and the underside of the silicon dioxide layer.
IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Estimated AR dependencies
The only inhibitor deposition process which we could test was the deposition of a fluorocarbon film because of the limited gases at our disposal. It turns out that fluorocarbon films are not optimal for this process but can be made to function so we describe those next. We used C 4 F 8 /Ar and made measurements at different RF chuck bias settings to demonstrate the feasibility (and nonideality) of using fluorocarbon-based inhibitor films for this AR correction process. The resulting (normalized) fluorocarbon film deposition rate at trench bottom as a function of the trench AR is plotted in Fig. 7 for three RF bias power settings. The measurements were made by depositing fluorocarbon film into premade trenches and measuring the film thickness as a function of AR. Several deposition times were tested to ensure that the deposition rate was linear.
Fluorocarbon film deposition from C 4 F 8 /Ar plasmas is thought to be predominantly ion-enhanced, [17] [18] [19] [20] which causes the AR dependence to be controlled by the ion angular distribution function (IADF). The IADF narrows as the chuck RF bias power increases, which allows a larger fraction of the incoming ions to reach trench bottom and enhances the fluorocarbon film growth there. This causes the AR dependence of the fluorocarbon film deposition step to become too small to allow AR correction to proceed. It is also the reason why we were limited to the 0 W setting for the rest of these experiments. The decreasing AR dependence with increasing RF bias power is clearly visible in Fig.  7 since the data for 15 W sits above that for 10 W, which sits well above that for 0 W RF bias power. We note that there is only a small change in the normalization constant with bias power (less than 20%). This is consistent with an ion-flux that is largely independent of the bias power and highlights that the real control resides in the IADF control. We also note that AR dependence is approximately quadratic in character at the 0 W bias power. It is closer to linear for the larger bias power settings as expected. Finally we note that an inhibitor film deposition time of 49 s was chosen for the tests to follow. This provided significant fluorocarbon film thickness at trench bottom while the throats of the smallest Once the AR dependencies of the inhibitor film deposition process were measured, the next process development step was to determine the AR dependencies of a viable inhibitor film etch process. This was done by measuring the resulting inhibitor film thickness after various etch times. Since a recommended trench-etch process was already known for the VPPS (and resulted in Fig. 1) , the same machine parameters were used to investigate inhibitor film etch. Using the same process for inhibitor-and substrateetch is obviously not required, but was thought to possibly be beneficial. Figure 8 shows the resulting normalized fluorocarbon film etch rates as a function of AR. The AR dependence in this instance is linear and stronger than desired. It would be highly desirable to have an inhibitor film etch process which is much closer to AR independent, but this dependence can function and consequently was utilized anyway.
Following a similar procedure, we were able to determine the normalized silicon etch rate versus the trench AR. Figure 9 shows the summary of the data. The dependence of the silicon etch rate on AR is linear like that for the inhibitor film etch rate, but the dependence is also much less than that of the inhibitor film. This is as expected and indicates that the etch process will return to a standard ARDE once the inhibitor film is removed from all trench bottoms.
B. Hybrid process
Using the above AR dependencies and rates, it is possible to identify conditions for correcting the AR disparities formed by an original etch process. We limited our tests to conditions in which inhibitor film remained in the widest (smallest AR) trench at the end. It quickly became apparent that the amount of depth correction, which could be achieved during a single deposition and etch "cycle," was insufficient. As a result, more cycles were performed in order to increase the total correction. Multiple cycles results in a second issue.
Each cycle is deliberately setup such that inhibitor film remains in the smallest AR feature in order to allow feature depth correction, but this also means that inhibitor film is left at the mask opening of all features. The etch step of the process does not completely remove the inhibitor film from the trench top and sidewalls. As a result, the inhibitor film can buildup on the mask and at the top of features as the number of cycles increases. This can result in feature closing (at the top). To reduce this problem, an oxygen ash was added to each cycle to help remove inhibitor film from the previous cycle without etching the substrate. The three-step process was called a "hybrid process," and Fig. 10 shows the conditions chosen for each of the three steps. The oxygen ash process did not quite clear the inhibitor film completely, but did prevent feature closure and thereby greatly improved the process results.
The results from hybrid process experiments using the machine parameters shown in Fig. 10 10 . Schematic of one cycle in the hybrid process: the process starts by first depositing inhibitor film into the trenches, followed by an etch of both inhibitor film and substrate. A step to remove residual inhibitor film was added to prevent inhibitor buildup from one cycle to the next.
11(a) as a function of the feature AR and number of hybrid process cycles. The etch depth of each feature has been normalized to that of the smallest AR trench depth (T1) for each experiment in order to make the trends as clear as possible. There was some small variation in the smallest AR feature depth (before cycling) due to day to day process variability. We note that the etch step gas flow mixture was set to SF 6 / C 4 F 8 /Ar-20/20/5 sccm because this was the gas flow used to form the initial trenches. It was found to produce flat bottomed trenches at reasonable etch rates and was considered to be close to optimum in the VPPS. One can clearly see in Fig. 11(a) that it also produces a significant AR dependence by examining the data before performing a hybrid process cycle. The etch depth of the AR ¼ 11 trench is only about 72% of that for the AR ¼ 4 trench. It is easily seen that the slope (S) of the normalized trench depth versus AR is large and negative indicating an overly large dependence on AR. What is preferred would be S ¼ 0.
One can see in Fig. 11 (a) that the slope, S, improves as the number of hybrid process cycles increases, but that the improvement remained too small. Inspection of the trench profile as a function of the number of cycles revealed that the trenches were tapering closed. Thus, etch was occurring, and the larger AR trench depths were increasing, but they were also tapering toward etch stop. Tapering indicates that there is too much sidewall passivation during the etch step of the hybrid process. The presence of the inhibitor film from the immediately prior deposition step pushed the etch step of the process from a near optimal condition to highly overpassivated. To try to correct this, we reduced the flow rate of C 4 F 8 from 20 to 10 sccm (SF 6 /C 4 F 8 /Ar-20/10/5 sccm) without changing anything else. Reducing the relative C 4 F 8 flow rate accomplishes both a reduction in depositing species produced in the glow as well as allows an increase in the fluorine density within the glow. Both act to reduce the overpassivation during the etch step of the process. Figure 11 (b) shows the experimental results obtained versus AR and number of hybrid process cycles. One can clearly see that the AR dependence can be corrected within seven cycles for the midrange AR features, but that the larger AR features are now lagging behind. The slope has become approximately equal to zero for five hybrid process cycles up to an AR of 4.5, but becomes negative for larger AR values. The slope became positive for trenches having AR < 4.5 (groups 1 and 2) at seven hybrid process cycles, but now exhibits a curvature similar to that found in the solid line of Fig. 3 . This curvature in the trench depth is consistent with our prior measurements and theoretical predictions. The inhibitor deposition process has the necessary quadratic dependence on AR (Fig. 7) while the subsequent etch processes were approximately linear (Figs. 8 and 9-although for an admittedly larger C 4 F 8 flow rate). Thus, the AR dependence of the correction found in Fig. 11(b) is as expected based upon the theory. Figure 12 shows SEMS of the trench array (a) before the hybrid process and (b) after seven cycles along with closeups of the fifth and sixth trenches after seven cycles ("T5"-1.6 lm and "T6"-1.15 lm). The trenches are still tapering, which ordinarily indicates that there is too much passivation occurring during the etch step of the hybrid process, but the nature of that tapering, particularly in trench T6, is instructive. One can see evidence of at least four of the seven hybrid cycles in the taper of T6 because there are at least four sections where the walls are essentially straight up-anddown but at a reduced width. This indicates that breakthrough occurred in a reduced width on that cycle of the hybrid process but that the hybrid process itself produced an essentially anisotropic etch profile. Further, it allows one to notice that the etch depth of the final cycle in T6 remains substantially larger than that found in T5. Thus, while there is depth correction occurring, the area of the correction is being limited in width. We speculate that this width limitation could be due to incomplete removal of the previous cycle fluorocarbon film at the top of the trench. A buildup of film at the trench opening would block ions and therefore reduce the width of the ion beam at the trench bottom. Such a process could also be consistent with the narrowing found in trench T5. The effect appears to be much less there, but this could be explained by the fact that T5 is substantially wider. The film thickness at the tops of T5 and T6 must be the same, but the effect at the bottom of T5 appears smaller because T5 is wider.
Even though these trench profiles are not ideal, we see that the overall trench depths have clearly been corrected in the midrange. These profiles also point out a significant issue with using fluorocarbon film as the inhibitor. The fluorocarbon film is removed in an ion-enhanced fashion. As a consequence, it has a tendency to buildup on the trench walls and affect the trench etch process adversely. Despite this nonideality, it is clear that the hybrid process was affecting depth correction. Further, we note that moving to an SF 6 /O 2 /Ar plasma can produce an under-passivated (nearly isotropic) etch. Given that both over-and under-passivated etch chemistries exist, it is a matter of optimization to find the right mixture to produce optimal trench profiles.
V. SUMMARY AND CONCLUSIONS
In this article, we developed a theory and methodology whereby one can correct an initial depth disparity between features of different ARs. We have found the circumstances under which one can use the deposition of an inhibitor film to allow the continued etch of larger AR features while preventing the etch of smaller AR features. The maximum possible depth correction per correction cycle was shown to depend upon the ratio of the substrate etch rate to inhibitor etch rate (at AR ¼ 0) as well as the thickness of the inhibitor film used. This thickness is limited by the amount one may close the mouth of the minimum feature dimension. The amount of correction possible is also reduced by the relative AR dependence of the inhibitor film deposition process compared to the inhibitor film etch process. As long as the inhibitor film etch process has a much weaker AR dependence than the inhibitor film deposition process, larger AR features can be caused to etch while smaller AR features do not.
The process was demonstrated using SF 6 /C 4 F 8 /Ar plasma etching of Si. In addition to demonstrating that significant depth disparities could be corrected; the AR dependencies of fluorocarbon (inhibitor) film deposition process were measured along with the AR dependencies of the fluorocarbon film and silicon etch rates. Both under-and over-passivated trench profiles were produced; however, some additional process optimization would be required to produce straight walled, depth-corrected trenches. 
